I. INTRODUCTION
The Brushless Doubly-Fed Machine (BDFM) is one of a class of doubly fed machines which have two accessible three phase windings [1] . As only one of the windings need be fed by a converter, the converter rating is a fraction of the total machine rating in adjustable speed drive or variable speed generator systems based on doubly-fed machines. Compared with the doubly-fed slip ring induction machine, the absence of brushes in the BDFM favours the use of the machine in enviroments where maintenance is difficult such as in offshore wind turbines.
A BDFM is an induction machine which has two stator windings of different pole numbers on a single frame. The pole numbers of the stator windings are chosen so that there is no direct couping between them. BDFM rotors are specially designed to couple both stator fields. One of the stator windings, the power winding (2p 1 poles), is connected to the power grid with a fixed voltage and frequency and the other one, the control winding (2p 2 poles), is supplied by a frequency converter with variable voltage and variable frequency. For variable speed operation, the BDFM is operated in the synchronous mode with a shaft angular velocity set by the control winding frequency [2] .
In contrast to conventional machines, the design of a BDFM is complicated by the difficulty of determining the overall electric loading (J) and magnetic loading (B) and dividing them between the two systems of different pole numbers. McMahon et al. showed that the rating of an idealised BDFM can be maximised by correct choice of the rotor turns ratio, which is the ratio of effective rotor turns for the 2p 1 and 2p 2 pole fields [2] . The analysis assumes that the magnetic loading is related to the sum of the 2p 1 and the 2p 2 fields in quadrature and that the electric loading is the sum ofJ 1 andJ 2 , the electric loading in the power and control windings respectively. The electric and magnetic loadings are calculated from the perspective of the stator on the basis that the same loadings can be achieved in an appropriately designed rotor.
A BDFM rotor should therefore be designed to have a near to optimum rotor turns ratio. The relationships between electric loadings in the power and control windings and the relative amplitudes of the magnetic loadings in the two windings can then be calculated. For a non-ideal BDFM, the effects of magnetising current and rotor impedance on the magnetic and electric loadings can be incorporated.
This paper presents an iterative design method based on a tabu search which shows howJ andB may be optimally divided between the stator windings to maximise the power output from a prototype BDFM. The power output is the sum of the power outputs of the stator windings. The study is based on the retention of an existing nested loop type rotor with a design that compromises the stator magnetic loading but not the electric loading. Experimental results are presented to verify the predictions.
II. METHOD DESCRIPTION
Our aim is to optimise a set of geometric quantities in the stator for maximum power output from a BDFM of a given frame size. As the rotor design is fixed only stator quantities need be optimised, namely the proportion of slot area allocated to each winding and the number of turns in each winding. In the design example, the power winding is supplied with 120 Vrms and the machine is optimised for operation as a generator at 750 rpm. The first step is to consider a prospective stator design. It could either be the original design or, in all other cases, a design generated in the course of the optimisation. Translating the geometric information into parameter values for the BDFM equivalent circuit model is the next step. The per phase equivalent circuit is chosen because its parameters are related to geometrical machine variables and the electric and magnetic loadings can be readily calculated from the equivalent circuit.
Updating the electric and magnetic loading constraints is a necessary procedure because they change with varying geometric parameters. For example, given a design current density, electric loading limits (J m1 ,J m2 ) in the power and control winding depend on the relative allocation of slot area. In this paper,B andJ with subscript ' m ' denote physical constraints on the electric and magnetic loadings. The ones without subscript ' m ' are defined as the specific electric and magnetic loadings which are dependent on operating conditions. The next step is to evaluate the performance of the prospective design. As will be shown in section IV, the power output of the BDFM is dependent on control winding excitation at a certain speed and load condition. In each potential design the control winding excitation is varied to obtain a maximum power output. This procedure will change the power factors for both windings. Meanwhile, for every excitation condition, J 1 ,J 2 andB are calculated. Conditions under which any of them exceeds its limit are eliminated. The power output of each prospective design is reported to the tabu search. The next design is generated when the tabu search visits a new position in the parameter space. The search stops when the termination conditions are met and the best design obtained is chosen. A flow chart of the optimisation procedure is shown in Fig. 1 where X is a set of stator quantities under optimisation. Report maximum P out to tabu search and clear P out record Install P out Termination conditions met? andB at a V 2 riable frequency 3φ grid, 50Hz Fig. 2 shows a per phase equivalent circuit for the BDFM and a list of parameter definitions can be found in Table I [3] . The slips are as defined in [3] .
III. BDFM EQUIVALENT CIRCUIT
Whilst the equivalent circuit of Fig. 2 is a complete per phase description of the BDFM, it is not possible to find values for the leakage inductances from measurements taken at the terminals of the machine. However, parameters can be determined for the alternative, electrically equivalent, circuit 
shown in Fig. 3 , presented here with rotor and control winding quantities referred to the power winding [3] . Parameters in Fig. 3 have been extracted experimentally from the prototype BDFM and listed in Table II . The subscript ' o ' denotes parameters of the original design. In this paper four stator quantities are to be optimised. They are the slot areas of the power and control windings (A 1 , A 2 ) and their numbers of turns per coil (N 1 , N 2 ). Only two of them, N 1 and A 1 , are independent. A 2 can be calculated by subtracting A 1 from the overall slot area and the choice of N 2 is arbitrary. For each prospective design, a set of equivalent circuit parameters, shown in Fig. 3 , is calculated from A 1 and N 1 using constant machine dimensions and original parameter values.
The power winding resistance, R 1 , is given by 
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The referred control winding resistance, R 2 , is given by:
where n r is the rotor turns ratio, A the total area of a stator slot, K w1 and K w2 the winding factors of the power and control windings and l cs the length of a single control winding coil. n r is given as follows, N ph1 o and N ph2 o being the numbers of stator turns per phase of the original design:
The stator magnetising inductances are
The referred rotor resistance and inductance are
Derivations for these relationships are given in Appendix A.
IV. OPERATION OF THE BDFM
The flow of reactive power in the BDFM can be adjusted by varying the control winding voltage [4] . Whilst over-exciting the control winding has the attraction of generating VArs in the power winding, significant transfers of VArs through the machine will reduce its power handling capacity. The effect of the control winding voltage on the BDFM power output is shown in Fig. 4 . The BDFM is generating at 750 rpm with a driving torque of 25 Nm. The power winding voltage is 120 Vrms. Fig. 4 shows a clear variation of the power output with control winding voltage V 2 , so V 2 is varied in each prospective design to find the operating point giving maximum power ouput. This is done by a line search of V 2 over a relevant range.
V. ELECTRIC LOADING AND MAGNETIC LOADINGS
The specific electric loadingsJ 1 andJ 2 are given as follows. Derivations can be found in Appendix B.
where N ph1 is related to N 1 by equation (22) and I 1 , I 2 are calculated from the equivalent circuit. The 4 pole and 8 pole flux densities (B 1 , B 2 ) are calculated from stator airgap voltages V r1 and V r2 , shown in Fig. 3 . Details can be found in Appendix B.
where l is the stack length of stator lamination.
The specific magnetic loadingB is calculated using the following equation, reported in [2] .
The stator of the prototype 4/8 pole BDFM is taken from a frame size 180 4 pole induction machine. The electric and magnetic loading limits are 31.9 kA/m and 0.48 T respectively. TheJ m andB m of the BDFM could be set at those levels. However, due to the design of the rotor,B m has to be limited to 0.33 T to avoid excessive saturation.J m equals 31.9 kA/m assuming that the tolerable current density in the rotor bars does not compromise the overall electric loading.J m1 and J m2 are given by:
where J s is stator current density, and d the airgap diameter. The overall electric loading limitJ m is given by:
In the prototype BDFM, K w1 and K w2 are very close (0.925 and 0.933). By making K w2 and K w1 equal, an approximate value forJ m is obtained:
J s can be calculated from equation (16) and the value is 6 A/mm 2 . It is worth noting that apart from constant machine dimensions, the specific electric and magnetic loadings and their limits can be calculated from A 1 and N 1 . 
VI. TABU SEARCH METHOD
The objective of a formal optimisation is to find the optimum set of parameter values (x 1 , x 2 , ....x n ) that gives the minimum of an objective function f(x), where x is
Our objective function is the reciprocal of the BDFM power output and the parameters are N 1 and A 1 . The objective function is non-linear and has non-linear constraints. Furthermore the parameter N 1 can only take discrete values. Therefore it is difficult to get satisfactory performance from gradient-based algorithms. A tabu search built around the direct search method developed by Hooke and Jeeves [5] is chosen because it does not attempt to calculate the gradient of the objective function, can escape from being trapped at local minima and can handle constraints in a straightforward way. Moreover, it is more efficient than pure random searches for most applications.
The key features of the tabu search include the tabu list, aspiration criterion and intensification and diversification strategies [6] , [7] . The search starts from a random base point and the next base point, with a lower objective function value, is found by evaluating exploratory moves around the previous base point or by a pattern move [5] . The most recent base points are stored in a dynamically updated tabu list and prevented from being re-visited. Base points corresponding to solutions satisfying the aspiration criterion will be released from the tabu list immediately. Intensification and diversification strategies force the search to jump out of local minima and the latter restarts the search from a random base point. In this paper we empirically select the size of tabu list, the aspiration criteria and the intensification and diversification strategy which give reasonable good solutions.
VII. EXPERIMENTAL RESULTS
A comparison between the original and optimised designs is shown in Table III , along with experimental results from the original design. The optimisation leads to a design in which the magnetic and electric loading limits are reached simultaneously, giving a prospective increase in power of 21% compared to the original design supplied with 120 Vrms and running at its rated torque, 53 Nm. The electric loadings are essentially at their limits in the original design but the magnetic loading is slightly below its limit. A small increase in output power of 7% is possible by increasing the supply voltage to 130 V rms, which raises the magnetic loading to its limit. The optimisation has increased the proportion of the slot area allocated to the power winding from 33% to 40%. The results are obtained at a certain speed, but the outcome of the design optimisation does not vary substantially with speed over the range 500 to 750 rpm.
VIII. CONCLUSIONS
This paper provides an iterative method for optimising the design of a BDFM. It shows that by correct division of stator slot area between the power and control windings, the electric and magnetic loading limits can be reached simultaneously, ensuring maximum output from the machine. As the number of turns in the control winding, N 2 , is a free parameter, it can be chosen to make the diameters of the wires in the two stator windings equal, providing this results in an acceptable control winding voltage. The optimisation described uses an existing rotor design, which has a particular value of turns ratio. It is possible to incorporate the design of the rotor into the optimisation. In addition, the present work has used a standard pattern of stator lamination so it would be interesting to include the lamination design in the optimisation.
APPENDIX

A. Turns ratios
The stator to rotor turns ratios n 1 and n 2 are defined as follows [2] :
where N r1 and N r2 are rotor turns for the 2p 1 and 2p 2 pole fields respectively, with constant winding factor K wr 1 and K wr 2 . The rotor turns ratio n r is given by [2] :
Dividing equation (18) by equation (19) and substituting equation (20), we get
N ph1 and N ph2 are (coils are connected in series and N l is the same for both windings)
Substituting equations (22) and (23) into equation (21) gives
B. Equivalent circuit parameter calculations 1) Stator resistances:
Assuming that the resistivity is constant, the resistance of a power winding phase is given, A w1 being the wire cross-sectional area:
Substituting equations (26) and (22) into equation (25), gives equation (1) . Similarly, R 2 is given by:
The control winding slot area A 2 is given by:
Equation (2) is obtained by substituting equations (24) and (28) into equation (27).
2) Magnetising inductances:
Assuming that the permeability of iron is infinite, magnetising inductances are proportional to squared numbers of turns per coil in the stator windings. Therefore, L m1 and L m2 are written as
Substituting equation (24) into (30), we get
3) Rotor resistances and leakage inductance: With a fixed rotor design, the unreferred rotor resistance and leakage inductance are constant. The referred rotor resistance is given by:
Equation (6) is obtained using equations (18), (22) and (33). Likewise, L r is calculated by:
